Spermidine, spermine and putrescine are essential for mammalian cell growth, and there has been a pervasive effort to synthesize analogues of these polyamines that will disrupt their function and serve as tools to inhibit cell proliferation. Recently, we demonstrated that a number of such polyamine analogues are also capable of inducing the regulatory protein AZ (antizyme). In the present study the incorporation of a few sample analogues [mimics of bis(ethyl)spermine] was shown to be significantly limited by a decrease in the V max for the polyamine transport system in response to analogue-induced AZ. This creates an unusual circumstance in which compounds that are being designed for therapeutic use actually inhibit their own incorporation into targeted cells. To explore the impact of this feedback system, cultures of rat hepatoma HTC cells were pre-treated to exhibit either low or high polyamine uptake activity and then exposed to polyamine analogues. As predicted, regardless of initial uptake activity, all cultures eventually achieved the same steady-state levels of the cellular analogue and AZ. Importantly, analogue-induced AZ levels remained elevated with respect to controls even after the native polyamines were reduced by more than 70 %. To model the insufficient AZ expression found in certain tumours, GS-CHO (GS Chinese-hamster ovary) cells were transfected to express high levels of exogenic AZI (AZ inhibitor). As anticipated, this clone incorporated significantly higher levels of the polyamine analogues examined. This study reveals a potential limitation in the use of polyamine-based compounds as therapeutics, and strategies are presented to either circumvent or exploit this elegant transport feedback system.
Spermidine, spermine and putrescine are essential for mammalian cell growth, and there has been a pervasive effort to synthesize analogues of these polyamines that will disrupt their function and serve as tools to inhibit cell proliferation. Recently, we demonstrated that a number of such polyamine analogues are also capable of inducing the regulatory protein AZ (antizyme). In the present study the incorporation of a few sample analogues [mimics of bis(ethyl)spermine] was shown to be significantly limited by a decrease in the V max for the polyamine transport system in response to analogue-induced AZ. This creates an unusual circumstance in which compounds that are being designed for therapeutic use actually inhibit their own incorporation into targeted cells. To explore the impact of this feedback system, cultures of rat hepatoma HTC cells were pre-treated to exhibit either low or high polyamine uptake activity and then exposed to polyamine analogues. As predicted, regardless of initial uptake activity, all cultures eventually achieved the same steady-state levels of the cellular analogue and AZ. Importantly, analogue-induced AZ levels remained elevated with respect to controls even after the native polyamines were reduced by more than 70 %. To model the insufficient AZ expression found in certain tumours, GS-CHO (GS Chinese-hamster ovary) cells were transfected to express high levels of exogenic AZI (AZ inhibitor). As anticipated, this clone incorporated significantly higher levels of the polyamine analogues examined. This study reveals a potential limitation in the use of polyamine-based compounds as therapeutics, and strategies are presented to either circumvent or exploit this elegant transport feedback system.
INTRODUCTION
The polyamines spermidine and spermine, and their diamine precursor, putrescine, are aliphatic cations essential for normal cell physiology and growth. Cancer cells, especially highly metastatic tumours, require elevated polyamine levels and characteristically express abnormally high activity of ODC (ornithine decarboxylase), the initial enzyme in the polyamine biosynthetic pathway [1] [2] [3] [4] [5] [6] . This necessity of polyamines for cell growth makes polyamine biosynthetic enzymes attractive targets for potential anticancer drugs. Unfortunately, even very specific inhibitors, such as the ODC inhibitor DFMO (α-difluoromethylornithine; eflornithine), are only mildly effective in inhibiting tumour growth, because mammalian tissues can also obtain needed polyamines by a very effective polyamine transport system [7, 8] . Similar to ODC, the activity of polyamine uptake is generally enhanced in rapidly proliferating cells.
Disruption of cellular polyamine function, and thus growth, has been achieved by exposure to a variety of non-functional polyamine analogues, or analogues with modified function [9] [10] [11] [12] . Many such polyamine-based compounds were found to be actively incorporated into cells by the polyamine transporter. As this transport system is generally more active in rapidly proliferating cells, this appeared to be an ideal mechanism by which to preferentially incorporate toxic or diagnostic compounds into cancer cells [13, 14] . The specificity of the polyamine transporter has proven to be surprisingly permissive, as numerous polyamine-based compounds have been synthesized and most appear to be incorporated into cells using the polyamine transporter. Many of these analogues initiate feedback inhibition of polyamine biosynthetic enzymes, depressing native polyamine levels [15, 16] . Some also stimulate polyamine degradative enzymes, causing extreme polyamine starvation [17, 18] , or interact with critical biomolecules to disrupt normal cell function [19] [20] [21] . Several of these analogues have shown specific activity against tumour cells and have been used in clinical trials [22, 23] . The differential uptake of polyamines and polyamine analogues into cancer cells may also be useful in tumour imaging [24] , and the targeting of boron-containing compounds to tumour cells for boron-neutron-capture therapy [25, 26] . In another approach, cytotoxic compounds have been conjugated with polyamines to facilitate their entry into cancer cells, utilizing elevated polyamine transport activity [27] [28] [29] [30] [31] .
Although up-regulated polyamine transport into cancer cells is a tempting target, the development of useful polyamine-based compounds has been impeded by the absence of information about either the mechanism by which cells incorporate polyamines or its control. Some suggest that cytoplasmic polyamine uptake involves an endocytotic event whereby polyamines bound to cell surface glypicans are internalized into endosomes and subsequently released to the cytoplasm [32, 33] . Whatever the precise mechanism, the process is markedly inhibited when normal intracellular polyamine levels are exceeded, preventing accumulation of harmful amounts of these compounds. We and others have demonstrated that this sensitive feedback system is mediated by the same regulatory protein that is responsible for the rapid degradation of ODC [34] [35] [36] . As cellular polyamine levels increase, they induce the synthesis of a small regulatory protein called AZ (antizyme) [37] . In addition to inactivating ODC and blocking polyamine synthesis, AZ decreases the activity of the polyamine transporter by an, as yet, unknown mechanism [38, 39] . The induction of AZ synthesis by the polyamines involves an unusual, obligatory translational frameshift [40] . Unfortunately, the precise mechanism whereby the polyamines promote this frameshift is not known.
Recently, we reported that the specificity of the polyaminedependent mechanism of AZ induction, like that of polyamine transport, is surprisingly permissive [41] . After surveying 24 polyamine-like compounds, including spermine and homospermine analogues, pentamines and various oligoamines, we found that almost all stimulated AZ synthesis. It is quite likely that many, and perhaps most, of the polyamine analogues and conjugates that have been created to target the polyamine transport system for pharmacological advantage will also stimulate this feedback response. Although this AZ induction helps explain the polyamine-depressing activity of many of these analogues, it points out a potential problem in the use of such compounds. Analogues that stimulate AZ synthesis will down-regulate the very transport system that they need to enter a cell. Thus cellular uptake of such drugs may not be controlled by exposure level, affinity for the transporter or even the pre-treatment activity of the transport system. Instead, it may be determined solely by the integrity of the polyamine feedback system. In the present study we show that the uptake of representative polyamine analogues is indeed limited by their induction of AZ. Furthermore, we have examined the role of this AZ feedback system in short-and long-term responsiveness to sample polyamine analogues. This analysis reveals new aspects of this potential therapeutic target that should be considered in the design and application of effective polyamine analogues and polyamine-conjugate drugs.
EXPERIMENTAL

Chemicals
[
14 C]Spermidine was purchased from Amersham Bioscience. Polyamines, aminoguanidine and cycloheximide were purchased from Sigma Chemicals. Mifepristone, hygromycin B and zeocin were purchased from Invitrogen. DFMO was generously provided by the Marion Merrell Dow Research Institute.
Plasmids
The construct pGBD(-T)AZ, which was derived from AZ-1 of rat hepatoma HTC cells, was obtained from G. Judd (Department of Biological Sciences, Northern Illinois University) [42, 43] . The mRNA sequence in this construct differs from rat AZ-1 (GenBank ® accession number D10706) in the deletion of one base, T-205, thereby eliminating the requirement for the + 1 frameshift in its translation. This sequence was further modified by the introduction of an arginine residue in place of methionine at position 34, which eliminates any initiation of translation at this second start site (Sandra Moore, personal communication). AZ-M34R (AZ with a Met 34 → Arg substitution) was amplified by PCR using PCR Master Mix (Promega) with the forward primer TTC GGT ACC ATG CCG CTT CTT AG and the reverse primer ATT GGG CCC TCA GTC CTC CTC AC (restriction sites are underlined), thus inserting a stop codon before the V5-6H tag sequences (where 6H is the His 6 epitope). The pGene expression vector and AZ-M34R insert were digested with KpnI and ApaI restriction enzymes, ligated using Ligafast (Promega) and the sequences confirmed by a capillary fluorescent sequencer, CEQ 8000 (Beckman Coulter).
Mouse AZI (AZ inhibitor) cDNA in pET19b (Novagen) was provided by J. Nilsson (Department of Cell and Molecular Biology, Umea University, Umea, Sweden) [44] . The complete open reading frame was amplified by PCR using the forward primer ACG CAG GTA CCA TGA AAG GAT TTA TTG ACG and the reverse primer TTT TAG GGC CCA GCT TCA GTG GAA. These were digested with KpnI and ApaI respectively and ligated into the expression vector pGene-V5-6H-A (Invitrogen), which had been digested with the same enzymes. This inserted AZI coding sequence is in frame with the C-terminal V5 epitope and 6H tag of this expression vector. The entire sequence was confirmed by sequence analysis.
Cell culture
Rat HTC cells were grown in monolayer and suspension cultures in Swim's 77 medium containing 10 % calf serum, as described previously [34] . AZ-and AZI-derived proteins were expressed in CHO (Chinese-hamster ovary) cells using the GeneSwitch TM (Invitrogen) two-component, mifepristone-inducible mammalian expression system, which is noted for very low background expression. Regulated expression requires the target cells to be cotransfected with a regulatory plasmid (pSwitch) and an expression plasmid (pGene/V5-6H), containing the gene of interest. CHO cells that have been permanently transfected with the regulatory plasmid (GS-CHO) were obtained from Invitrogen and maintained in Swim's 77 medium supplemented with 5 % foetal and 5 % (v/v) calf serum containing 100 µg/ml hygromycin B. Monolayer cultures were maintained in air/3 % CO 2 at 37
• C. GS-CHO cells were transfected with pGene-AZ-M34R and pGene-AZI-V5-6H using SuperFect transfection reagent (Qiagen), and stably transfected clones, GS-CHO(AZ-M34R) and GS-CHO(AZI-V5-6H) respectively, were selected using 200 µg/ml zeocin. Expression of AZI-V5-6H was demonstrated in clones exposed to 10 nM mifepristone for 4 h by the appearance of a 53 kDa band that reacted with antibody to the V5 epitope (Invitrogen) on Western blots.
In experiments where polyamines were added to cell growth media, 2 mM aminoguanidine was also added to minimize degradation due to amine oxidases of calf serum. Previous studies have shown that the bis(ethyl)polyamine analogues used in this study are effective for at least 6 days, even in medium containing calf serum [16] .
Synthetic polyamine analogues
The ability of spermine analogues symmetrically ethylated on their primary amino residues to be transported into cells and induce AZ has been reported previously [41] . As examples of this set of analogues, the present study utilizes BENSPM [bis(ethyl)-norspermine] and two conformationally-restricted analogues, SL-11047 and SL-11102. SL-11047 is essentially bis(ethyl)spermine with a double bond between the central carbons. Similarly, SL-11102 is bis(ethyl)homospermine, but with a double bond between its central carbons. Preparation of BENSPM and SL-11047, as well as SL-11102, have been described previously in [16] and [45] respectively.
Spermidine uptake kinetic studies
Exponential phase GS-CHO(AZ-M34R) cells in suspension culture were harvested for study either after 24 h of growth (controls) or after exposure to 10 nM mifepristone for an additional 4 h (AZ-induced culture). In both cases the cells were pelleted at 1000 g for 5 min at 25
• C and resuspended to a concentration of 5 × 10 5 cells/ml in serum-free medium containing 1 mM aminoguanidine. Additional cell pellets were removed from each culture and frozen for later analysis of AZ protein by immunodetection. Control and AZ-induced cell cultures were divided into multiple labelling reaction mixtures (4 ml) to which 0.05 µCi of [ 14 C]spermidine was added, in addition to sufficient unlabelled spermidine to establish total spermidine concentrations ranging from 0.25 to 10 µM. After incubation at 37
• C for 20 min, triplicate 1.0 ml samples were removed and diluted immediately with 5 ml of ice-cold PBS containing 1 mM unlabelled spermidine. The cells were pelleted, washed twice and radioactivity was subsequently counted in a LS1701 liquid-scintillation counter (Beckman).
Immunodetection of AZ and AZI
Affinity-purified polyclonal rabbit antibody specific for AZ-1 was prepared by using an AZ-fusion protein expressed in bacteria [34] , and the immunodetection of AZ on Western blots was as described previously [34] . Expression of epigenic AZI was detected using alkaline-phosphatase-conjugated monoclonal antibody recognizing the V5 epitope (Invitrogen). As with AZ, bands were revealed using AP-conjugate substrate kit from Bio-Rad Laboratories. In order to evaluate the relative band intensities, the blots were scanned using Adobe Photoshop 6.0 and a Hewlett Packard ScanJet 3C scanner. The images were then analysed using Scion Image software. Although three AZ genes have been identified in mammalian cells [46, 47] , only two are likely to be expressed in this cell line. Of these we have only found AZ-1 to be expressed to a significant level in HTC and CHO cells, and this AZ isoform accounts for both the 29 and 24 kDa bands detected by this immunodetection procedure. Quantifications and comparisons of AZ band intensities in these studies were routinely performed on the more intense 24 kDa AZ bands.
Assays of polyamines and polyamine analogues
Levels of the polyamines and the polyamine analogues were determined by HPLC analysis of dansylated derivatives, as described previously [41, 48] .
RESULTS
Polyamine analogue incorporation is limited by AZ
Exogenous sources of the polyamines are not over-accumulated in cells due to a feedback control mediated by AZ. There have been conflicting reports concerning the nature of this AZ-induced inhibition of the transporter. By comparing uptake kinetics before and after induction of a modified AZ fragment, antizyme-Z1, He et al. [35] concluded that AZ decreased the transport of spermine mainly by increasing the K m value for this substrate. However, depletion of cellular polyamine levels, and thereby AZ, has long been noted to increase transport velocity without affecting the K m for substrate polyamines [49] . To resolve this disparity we compared spermidine uptake kinetics in GS-CHO cells before and after induction of the native full-length isoform of AZ, the 29 kDa protein produced from the first translational start site [40] . The study presented in Figure 1 is typical of three repeats of this experiment where the average decrease in V max was 90 %, whereas the K m approximately doubled from 0.84 to 1.7 µM. Thus it appears that induction of unmodified full-length AZ does affect both the K m and V max of transport, but, as expected from polyamine-deprivation studies, the predominant change is in the V max .
AZ is not only sufficient, but it also is absolutely necessary, for feedback regulation of the polyamine transporter. We demonstrated previously [34, 50] that extensive depletion of cellular AZ levels by inhibitors of protein synthesis allowed polyamine uptake from exogenous sources to continue unabated, eventually causing cell death. As shown in Figure 2(A) , HTC cells exposed to 10 µM spermine incorporate about 2 nmol/10 6 cells, an approx. 30 % increase in their spermine content, before sufficient AZ is synthesized to prevent additional incorporation. When AZ synthesis is blocked by the addition of cycloheximide, the incorporation of spermine continues for at least 6 h, more than doubling the spermine levels. Polyamine analogues that we have previously shown to stimulate AZ production also appear to be limited in cellular uptake by this same AZ-mediated feedback system ( Figures 2B-2E ). In each case 1-3 nmol/10 6 cells of analogue was incorporated within the first 2 h and the subsequent rate of incorporation was greatly diminished. Coincident with the change in uptake velocity, induced AZ was obvious at 1.5 h and new AZ protein steady-state levels were established by 3 h ( Figure 2E ). In this Figure we show the uptake of a spermine analogue with only three carbons between its central nitrogens, BENSPM, an analogue of spermine that contains a double bond between its central carbons (SL-11047), and an analogue of homospermine that contains a double bond between its central carbons (SL-11102). In our previous study [41] we had reported that short-term AZ inductions by these compounds were about 75 %, 105 % and 80 % respectively of that induced by spermine. Other analogues of the group we previously demonstrated to induce various levels of AZ [41] were similarly tested and found to also rely on AZ to limit their uptake (results not shown).
Extended induction of AZ by polyamine analogues
Since the uptake of polyamine analogues is limited by their AZmediated inhibition of the polyamine transport system, this may be expected to limit their effectiveness in altering polyamine homoeostasis during long-term exposures. Surprisingly, this does not appear to be the case. As shown in Figure 3(A) , cells maintained in 10 µM SL-11102 exhibited elevated levels of AZ, with respect to control cultures, for at least the duration of a 4-day experiment. AZ is a labile protein with a half-life in these cells of about 75 min for the 24 kDa isoform, and even shorter for the 29 kDa form, and this lability does not appear to be affected by the polyamine analogues [41] . Thus the observed increase in the steady-state level of AZ protein implies a constant elevation in the rate of AZ synthesis. Coincident with this increased level of AZ protein, the treated cells exhibited markedly depressed polyamine levels ( Figure 3B ). This decrease in polyamines is consistent with the known ODC-inhibitory activity of AZ and the observation that AZ may facilitate polyamine export [38] . Polyamine pool reduction might also be associated, at least in part, to increased polyamine catabolism, as some analogues have been noted to stimulate the activity of spermidine/spermine acetyltransferase [17, 18] . Regardless of the mechanism of cell polyamine reduction, it is noteworthy that AZ synthesis remains accelerated even after the second day of the experiment. At that time the native polyamines are reduced to about 25 % of their initial value, a level at which no AZ synthesis would be anticipated in the absence of analogue. The level of the incorporated analogue is less than that of either spermidine or spermine in the control cells. Even the total of native polyamines and analogue within treated cells is strikingly less than the total of polyamines in untreated control cells. Importantly, this cellular analogue concentration is established dynamically, for when the exogenous analogue is removed, the intracellular levels decrease and AZ levels decline accordingly (results not shown). This fact might help direct the appropriate scheduling of analogue administration.
Preferential targeting of tumour cells
Tumours and other actively proliferating cell populations require polyamines for cell growth and generally exhibit markedly increased polyamine uptake activity, in addition to the up-regulation of biosynthesis. This, of course, has made a very attractive target for the design of anticancer drugs. Conversely, tumour cells that are not growing rapidly and have a low mitotic index would be expected to be much more resistant to drugs designed as polyamine analogues [51] . This reasoning is substantiated by the type of experiment shown in Figure 4 (A). In this Figure, cultures of HTC cells were pre-treated to induce either high or low levels of AZ, and thus low and high activity respectively of the polyamine transporter. When mammalian cells are suspended in fresh media there is a transient increase in polyamine levels that induces a temporary elevation in the concentration of cellular AZ, peaking between 3 and 6 h, and returning to a low steady-state level by 24 h. Conversely, previous studies have demonstrated that cells exposed to DFMO, an inhibitor of ODC activity, have decreased putrescine and spermidine concentrations and greatly depressed levels of AZ [34, 49] . Cultures were thus exposed to fresh medium for selected times or treated with DFMO to induce variable levels of native AZ prior to being exposed to the analogue SL-11102. These were then evaluated for the incorporated level of this compound after a 3 h and a 24 h exposure. As anticipated, cultures expressing less AZ at the time of SL-11102 addition allowed more analogue to be incorporated at the end of the 3 h period. This differential incorporation, however, did not persist upon longer exposures to the analogue, and by 24 h all cultures contained approximately the same level of analogue ( Figure 4B ). In agreement with this, by 24 h all cultures also expressed approximately the same level of AZ protein (results not shown). Thus it appears that the level of AZ-inducing analogue that is eventually achieved by cells in culture is independent of how rapidly this level was attained. Once sufficient polyamine analogue is incorporated to induce AZ synthesis, then additional uptake is limited and a steady-state analogue concentration is established. Therefore, elevations in polyamine transport velocity generally associated with rapidly dividing cells may not necessarily produce an additional accumulation of AZ-inducing polyamine analogues upon extended exposures. The concept that tumour cells can be preferentially targeted by AZ-inducing polyamine analogues may still be correct if the tumour cells are defective in the transport feedback system itself. For example, there is evidence that the invasiveness of prostate cancer cells is associated with insufficient expression of AZ [52] . Similarly, relative to adjacent normal colon cells, human colon cancer cells appear to over-express a protein, AZI, which sequesters AZ [53] . In both instances, tissue polyamine levels, and therefore growth potential, appear to increase in response to a decrease in AZ activity. To examine the effect of such an alteration in the polyamine uptake feedback system, a stable clone of GS-CHO cells was developed to express mouse V5-6H-tagged AZI in response to the hormone mifepristone. As shown in Figure 5 , these cells were pre-treated for 5 h with and without mifepristone, and then exposed to either 10 µM spermidine or SL-11047. The induction of AZI allowed for over a 2-fold increase in the level of spermidine incorporated, and about the same increase in the analogue SL-11047 was noted. AZ was not completely inactivated by the induction of AZI, as net uptake of each compound was eventually blocked. This is in contrast to the continuing uptake of polyamines in cells where AZ was eliminated by cycloheximide, as in Figure 2 .
The induction of mouse AZI by mifepristone is shown in Figure 5 (C) by immunodetection of the V5 tag on this construct. This expressed construct was verified by detection using monoclonal antibody prepared against AZI, and was found to be active at releasing ODC from AZ (results not shown). Theoretically, this artificial elevation of AZI levels in the mifepristone-induced cultures should bind AZ and prevent it from down-regulating the transport system. As the levels of cellular polyamines increased, AZ synthesis would also be expected to increase, until sufficient AZ became available to inhibit the transporter. Although the transport system was eventually inhibited, it does not appear that this was caused by elevated AZ levels. As seen in Figure 5(C) , the level of AZ protein apparent in mifepristone-induced cells exposed to exogenous spermidine for 2 h was no greater than that in control cells exposed to spermidine, even though the former contain much higher spermidine concentrations. AZ levels at 4 and 6 h were essentially unchanged from those at 2 h (results not shown) and in 8 repeats of this experiment the average increase in AZ due to AZI during spermidine exposure was only 3 %. Evidently, our comprehension of the interaction of AZ and AZI in the regulation of polyamine transport is still incomplete. Despite this uncertainty, the experiment shown in Figure 5 strongly suggests that abnormalities in the AZ-mediated feedback system reported for several tumour tissues will result in preferential uptake of polyamine analogues into such tissues.
DISCUSSION
The system for incorporation of polyamines into mammalian cells is ideal for drug uptake into cancer tissues, because of its efficiency (low K m ), high capacity, minimal structural requirements and its specific enhancement in tumour cells. The potential downside of this transport system is the elegant feedback mechanism that has evolved to ensure polyamine homoeostasis. The present study has explored the extent to which this feedback mechanism limits the uptake and effectiveness of polyamine analogues designed to alter cell growth. Before the connection between transport velocity and AZ levels had been established, Kramer et al. [54] demonstrated that at least some polyamine analogues could mimic native polyamines in regulating their transporter. Recently, we reported that many polyamine analogues are capable of stimulating AZ synthesis [41] , and we speculated that this might limit their cellular incorporation, at least as represented by experiments in tissue culture. The experiments shown in the present study confirm this speculation by using representative analogues to demonstrate that AZ induction is necessary and sufficient to limit analogue transport into cells. Accordingly, when the AZ protein is diminished by cycloheximide, analogue incorporation continues unabated (Figure 2) . Moreover, partial inhibition of AZ activity by induction of exogenic AZ-binding protein, AZI, was observed to increase the level of analogue incorporated into cells ( Figure 5 ). Thus analogues that induce AZ synthesis actively limit their own uptake, similar to that of native polyamines. This may present an unusual problem for polyamine-based drugs in that the maximum cellular levels achieved are controlled by the feedback system and not by exposure dosage.
Although cellular levels of polyamine analogues are potentially limited, because of the AZ synthesis they facilitate, these levels appear sufficient to maintain elevated levels of AZ protein for an extended period, and appear to be sufficient to effect cell growth and evoke cell killing of many tumour cells. This sufficiency to maintain elevated levels of AZ protein was demonstrated for the conformationally restricted SL-11102 in Figure 3 , and similar results obtained using several other AZ-inducing analogues (results not shown). Since polyamine analogues do not appear to alter the half-life of AZ [41] , such elevated steady-state levels of this unstable protein must be due to continuous induction of AZ synthesis by the intracellular analogue concentrations maintained. However, it is not clear why AZ synthesis should continue at an elevated rate. If AZ synthesis is stimulated by polyamines in excess of the normal binding capacity of negatively-charged cell components, then an increase in AZ would be anticipated, as additional polyamines or polyamine analogues entered a cell. However, once the native polyamines are reduced such that the level of total polyamines (analogue included) is less than control cells ( Figure 3C ), then there should be no further stimulation of the translational frameshift required for AZ synthesis. Therefore, it is not clear why AZ synthesis appeared to continue even after the total cellular polyamine levels were so greatly reduced. Since native polyamines are less than 25 % of control values by 48 h, they are not likely to be responsible for stimulating this elevated AZ synthesis. Perhaps the analogues that we have used in these studies are more potent than the native polyamines at stimulating AZ synthesis. Alternatively, the analogues may not interact with natural cellular binding partners as well as the native polyamines, such that the analogues remain more or less unbound in cells even at relatively low concentrations. Whatever the mechanism, this ability to continue AZ production may prove valuable in tumour prevention or management, as exogenic AZ expression studies have suggested [36, 55, 56] .
A major reason the polyamine transporter has been chosen for targeting drugs to tumour cells is the widely reported enhancement of its activity in proliferating cells. The studies presented here, however, suggest that differences in initial activity of the transport system may only influence short-term analogue uptake. Regardless of initial transporter activity, by 24 h in tissue culture intracellular analogue concentration reached an equilibrium where further increases in analogue level were prevented by the AZ that it induced. This observation indicates the need to further study potential preferential targeting of rapidly proliferating cells with regard to transport. Obviously, it will be important to study these control mechanisms in in vivo models, in addition to tissue culture, to assure that these observations are relevant to clinical applications. For instance, although SL-11102 induces AZ in tissue culture, and subsequently effects transport, we have shown SL-11102 to be highly effective in controlling tumour growth in PANC-1 human pancreatic tumour cells implanted in nude mice (B. Frydman, A. Valasinas and L. Marton, unpublished work).
Importantly, if the enhanced polyamine transporter activity of tumour tissue is associated with abnormalities in the AZ-mediated feedback system, then such cells are likely to preferentially incorporate polyamine-based compounds. Indeed, Tsuji et al. [57] observed that reduction or lack of expression of the AZ gene is an important event for the early deregulation of cellular proliferation in oral tumour development. Similarly, Jung et al. [53] have shown depression of AZ activity as a common event in human gastric carcinomas, and Koike et al. [52] present tantalizing evidence that "tumour progression in prostate carcinoma involves faulty AZ regulation". It is quite likely that the commonly observed increase in polyamine levels of many invasive cancer cells is due to under-expression of the AZ gene or otherwise over-expression of AZ-binding proteins, such as AZI. Cells in which the AZ gene is defective would obviously exhibit enhanced uptake of polyamine-based drugs. Furthermore, the studies presented in Figure 5 confirm that repression of AZ activity by over-induction of AZI will also result in increased analogue incorporation and higher steady-state analogue levels.
Finally, the fact that AZ shuts off the transport of the natural polyamines may provide an advantage in the activity of analogue that is already transported into the cell. Thus there is a complex, but elegant, interplay between the various components of the control of transport that may provide challenges for therapeutic intervention, but may also provide for creative opportunities.
In view of this elegant feedback control of the polyamine transporter, and assuming that these mechanisms play an important role in intact tumours, what strategies can be employed to optimize preferential transport of polyamine-based drugs into tumour cells? First, this feedback might be avoided by selecting or designing compounds that efficiently use the polyamine transporter, but do not stimulate AZ synthesis. These two reactions must have distinct specificities, as MGBG {1,1 -[(methylethanediylidine)-dinitrilo]diguanidine}, an early anti-tumour agent, exhibited these divergent characteristics [49, 58] . As with MGBG, such compounds are expected to accumulate preferentially in cells possessing elevated polyamine uptake activity. Regrettably, to date there has been no concerted effort to identify such compounds or the molecular characteristics that permit utilization of the polyamine transporter without inducing AZ.
A second strategy is to use an efficient AZ response to distinguish normal from cancer cells. If invasive tumour cells commonly exhibit depressed AZ expression or excessive AZI induction, as shown for oral, colon and prostate cancers [52, 53, 57] , then growth-inhibitory or diagnostic polyamine analogues would clearly accumulate preferentially in such tumour cells. Unfortunately, investigators have just begun to look for such abnormalities in AZ and AZI expression in human tumours. Even where abnormalities in these regulatory proteins have been demonstrated, the impact of this on polyamine transporter activity has not been well studied. Cancer cells exhibiting major deficiencies in this feedback response should be very susceptible to polyaminebased growth inhibitors.
A third approach is to utilize polyamine-based compounds that affect cell viability at cell concentrations well below the levels that would induce uptake-limiting AZ synthesis. Such compounds would incorporate preferentially into actively proliferating cells, as these generally express elevated polyamine uptake activities. In this strategy, specificity for actively proliferating cells would be lost if it were necessary to increase dosage levels to where uptake became feedback inhibited.
A fourth approach involves understanding the time course for AZ induction and decay. Timing the administration of analogues to maximize entry, while not providing excess analogue that may only contribute to toxicity, is an obvious goal.
There is considerable interest in polyamine-based drugs, and several have already demonstrated efficacy in clinical trials. The present study draws attention to the fact that these compounds could potentially promote inactivation of the very transport system they require for entry into cells. Clearly the design and effective utilization of such compounds can benefit from additional consideration of the intricacies of this unusual transport system and the regulatory proteins that control its activity.
